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This repon is based on analysis of an informational data base set up at the Brookhaven National
Laboratory ALARA Center It is part of a project sponsored by the U § Nuclear Regulatory
Commission to monitor snd evaluate research on dose reduction at nuciear power plants in the
US and abtoad The main benefits 10 be expected from reducing occupational exposures are
highlighted in the repon. the chief causes of elevated doses are identified and effective
approaches 10 minimize radiation exposures are proposed.

A wide range of research activity is covered, Including plant chemistry, cobalt reduction
techniques. stress corrosion cracking, decontamination, re~ -~ 100ls and devices, and robotics.
Advanced reactors. which are designed for low radiation ¢ res. are examined, and health
physics technalogy programs which have been effective “ing occupational exposure at
varous utilties are discussed.

The highlights of the programs on dose reduction conducted by a number of countries are
described and comparisons are made of the collective occupational radiation dose equive'ents for
selected countries The short and long term trends such studies aze pointing 1o are evaluated

It is concluded that the eforts to Improve dose reduction, both inthe U 8 and abroad. remain in a
healthy state but require continuing encouragement and further development
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1. EXECUTIVE SUMMARY

The Nuclear Regulatory Commission tasked the Brookhaven National Laboratory to review and
evaluate the ongoing efforts in the U.S. and abroad to reduce occupational radiation exposure at
nuclear power plants. Of interest are not only the research and development programs but also the
substantial amount of work being done in the area of health physics technology. A data base
containing information on over 400 projects has been set up at Brookhaven as a part of this study.
The present document is an interim report on the project. In it we examine the effectiveness of
these activities, look at trends, and indicate areas where future effort is likely to be productive.

Reduction in occupational exposure to radiation at nuclear power plants is desirable not only
because it affects the health and safety of plant perscnnel but also because it enhances the safety
and reliability of nuclear power plants, making their operation more efficient and economical.

The primary source of occupational exposures at power plants is activation products deposited on
out-of-core surfaces. These products elevate radiation fields throughout most of the plant, leading
to high doses during maintenance and inspections. Other major causes are additional

maintenance needed to service plants as they age, and inspections, modifications, and retrofits
required to increase plant safety.

Collective radiation dose equivalent in nuclear plants in the U.5. increased to an average of 791
person-rem per reactor per year in 1980. Since then the trend is down, reaching 450 person-rem
per reactor per year in 1986. Research in dose raduction and the health physics tuchnology
activities are parly responsible for this improvement. The trend is likely to continue in the near
future, since the lessons learned from dose reduction research are just beginning to be applied.
However, when compared to other countries with major research programs on dose reduction, the
collective dose in the U.S. is still among the highest. For example, the doses are higher by an order
of magnitude compared to ine Nordic countries. Moreover, closer examination of the data shows

some ambiguity in the downward trend in dose (see section 3.3). Thus, there s considerable room
for further reductions in the U.S. collective doses.

Tables 1.1 and 1.2 summarize the impact on collective occupational exposures of the principal
techniques being employed to reduce occupational radiation exposures. These techniques are in
various stages of research, development and implementation. The conclusions based on the tables
are necessarily subjective, although every effort has been made to be as objective as possible.

In these tables the impact has been split into three time frames. Thus, *short term* is defined as
within the next 7 years. During this period a large number of existing piants in the U.S. will
continue In service and some new plants, still of older design, will come on-line. Towards the end
of this period a few plants incr rporating new desian concepts will come on-line in other countries.
‘Intermadiate term® is defined as the period from 7 to 20 years, when a number of U.S. plants a/e
likely to be refurbished, ard some old plants may be retired. Additionally, plants based on
advanced designs may be ordered, although the effect of the new plants on the total collective
occupational exposure inthe U.S. is not likely to be substantial. A number of new plants will come
on-ine abroad during this pariod. *Long term" is defined as the period after 20 years, when it Is
expected that newer plants based on more advanced technology will be operating inthe U.S., and
the older plants will have been retired and possibly decommissioned. The effect of the advanced-
design plants is likely to be very significant on occupational radiation exposure during this time
period. Some of the techniques that played a key role in the first phase will then be providing
dimirishing returns and some of the problems that afflict present day power plants will have been
solved. For example, component decontamination, which should reduce dose significantly in the



early phase, might very well be much less important in subsequent phases because occupational
radiation exposure advanced plants will not require frequent decontaminations, and also because
full system decontamination processes should be available. The decontamination processes that
produce low volumes of waste, should play an important role in the intermediate phase. They may
be less important in the last phase since the occupational radiation exposure advanced plants may
well generate relatively little waste. For these reasons, the estimate of the potential impact in the
two tables is to be interpreted as relative to the annual collect' e dose at the beginning of the
appropriate period and in the context of the conditions prevailing at that time.

Table 1.1: Potential Impact of Radioactive Source Reduction Techniques on Nuclear
Power Plant Collective Occupational Exposures

Potential Impact on
Collective Dose
Interme-
S diate Lonq‘
Technique !Om tormz term Remarks
Cobalt low medium high larges: impact
reduction on new plants
Pre- low medium medium for new plants
conditioning and replaced
components
Water medium medium medium cost-effective
chemistry technique
Component medium low low more effective
decontamination for older
plants
Full system . medium low critical path
decontamination savings
Low waste . medium low low waste
decontamination handling costs
processes
Advanced . medium high very large
reactor source
designs reductions
possible

T Relative to the annual collective dose at the beginning of the appropriate period.
Shor (<7 years), intermediate term (7-20 years), long term (> 20 years)



Table 1.2: Potential Impact of Exposure Time Reduction Techniques on Nuclear Power
Plant Collective Occupational Exposures

Potential Impact on
Collective Dose
Interme-
diate Lon%
Technique m term? term Remarks
Improved low medium medium significant
materials for component
replacement
and new plants
COntcrgd medium medium low important for
IGS of present 3WRs
BWR piping
Control of PWR medium medium low important for
steam generator present PWPRs
tube corrosion
Remote low low medium significant
tools for new and
standardized
plants
Robotics low medium medium eed rugged,
reasonably
priced devices
Operational and low medium medium very cost-
maintenance effective for
techniques dose reduction
Advanced reactor . medium high offer new
designs possibilities
for remote
tools, robotics etc.

TRelative to the annual coliective dose at the beginning of the appropriate periud.
2 Shon (<7 years), intermediate term (7-20 yaars), long term (> 20 years)
3 Intergranular Stress Corrosion Cracking

Many exposure reduction initiatives are inter-related. Implementation of one Initiative can
significantly reduce the benefit of another Because of this inter-relation, some initiatives, while
providing major benefits, can even cause an increase In exposure. For example, with current
chemistry PWR S.G. channel head dose rates might be as high as 20 rad/h. If a major Tptubing



effort were to be planned, a decontamination might reduce the dose rates to 3 rad/h. On the other
hand, if a plant wrth improved chemistry has channel head dose rates of 7 rad/h, the
decontamination effort may no longer be cost effective.

Because of this inter-relationship improvements in some areas, for example cobalt reduction and
chemistry control, may reduce the need for costly rescarch and development work in other areas,
such as full system decontamination. Clearly, there is a need for an overall strategy in the effort to
reduce dose.

Research projects designed to reduce plant source terms have their major thrust in three different
areas: to minimize sources of cobalt in the primary systems of reactors; to precondition primary
system surfaces so that release of corrosion products is reduced and plating out of activation
products is mitigated; and to use advanced water chemistry to control transport, deposition and
resuspension of crud. These te.aniques are discussed in sect'on 4.1,

Research and development work to remove contamination Is presently directed at dilute
decontamination processes which appear to be very successful for both PWRs and BWRs. With
concerns regarding corrosion largely resolved, attertion is now being focussed on reducing
process time and minimizing radwaste. The next major step is likely to be decontamination of the
entire reactor primary system, both with and without the fuel in place. Field tests underway at a
B8WR plant to prove the viability of the concept of full system decontamination with the fuel in place
may also have some application for PWRs although for these plants decontamination of the full
reactor primary cooling system with the fuel removed appears to be the more cost-effective
approach. Lastly, development of decontamination processes that produce very low volumes of
radioactive waste may be possible. More detailcd information is provided in section 4.2,

Research to improve the reliability of components has aimost overcome the BWR problem of
intergranular stress corrosion cracking of primary system piping. Remedies to reduce struss and
improve the chemical environment have been developed. The problem of corrosion in PWR steam
generator tubes also has been largely mitigated, both for operating plants and those under
construction. Several components and materials of high performance and reliability have been

developed; others are in various stages of development. Additional informatior. is given in section
43

Remote tools and devices are being used more frequently. Some of these have yet to be proven
effective and in some cases their cost-effectiveness is dependent on plant related circumstances.
Reference 1 examinas the cost-effectiveness of a number of devices. Multistud tensioners for
reactor pressure vessel heads are used at several foreign utilities and some U.S. plants. In Japan,
automnatic inspection equipment was developed and automatic refueling and control rod drive
handling machines are used routinely Control rod drive handling machines, which are believed 1o
be more economical and easier to ba :kfit, have also been designed and deployed in US power
plants. Some steam generator tasks are accomplished by remote operation of by automatic
machinery ir the U.S. and abroad. Promising robotics devices are undergoing field tests, and a few
with success. Mora detail; are given in section 4 4,

Cooperative studies, involving the electric utilities, reactor manufacturers, and architect engineers,
are in progress on an advanced standardized light water reactor. This work is sponsored by the
Electric Power Research Institute. The simplifications used in the design of this reactor and the use
of fewer and more reliable components are expected to reduce exposures considerably. The
United States and Japan collaborated on the designs of advanced boiling water and pressurized
water reactors. These reactors were desigred to significantly reduce occupational exposures



compared to present day nuclear plants. The total yearly collective dose for the advanced boiling
water reactor, for example, is estimated to be on the order of only 50 person-rem compared to
typical values of between 650 and 1000 person-rem for US. BWFs (Ref.2). The latest plant
exposure data from Japan was used for this estimate and it was assumed that the latest
technology to limit radiation build-up will be used. Some of the techniques used to reduce radiation
exposure are discussed in section 4.5

Excellent progress has been made in dose reduction both in the U.S. and other major nuclear
countries. However, in order to insure implementation of the new techniques and equipment, plant
managers are urged to establish plant-wide ALARA studies to provide appropriate evaluations and
the setting of priorities schedules and budgets. Other recommendations are given in section 9

2. INTRODUCTION
2.1 Background

Althougt occupational radiation exposures to individuals generally have been kept well below the
regulatory limits in the United States (Ref 3), the collective occupational dose equivalents show
large increases over time. Between 1969 and 1978 the annual collective dose rose gradually, at
roughly the same rate as the total amount of electricity produced by nuclear power. After 1978,
electricity generated by nuclear power was nearly constant for several years, but collective
occupational dose increased steeply (Fig.1)

man-rem and B Collective Dose

MWe-year .1 Electricity

year

Figure 1- Collective occupational exposure compared with the yross elactricity produced at
U.S nuclear power plants
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Figure 2(a)-Collective dose equivalent per electricity unit for PWR plants of selected countries

The increase In occupational radlation axposure raised questions about ALARA (are doses as low
as reasonably achievable?) since, compared to other countries with. significant nuclear power
generation, the collective occupational exposures were significantly higher in the United States, for
example two to six times higher than in Canada, Sweden and Frarce. Figures 2 and 3 show the
collective occupational radiation exposure for several countries, normalized to electricity

produced.
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Figure 2(b)-Collective dose equivalent per electricity unit for PWR plants of selected countries




About 40% of the U.S. increase In the early 1980's could be attributed to NRC Initiated multi-plant
actions related to increased plant safety, that were required after the Three Mile Island 2 accident
(Ref.4). Nevertheless the Nuclear Regulatory Commission (NRC) wanted to ascertain that
appropriate efforts to reduce occupational radiation exposure in accordance with the ALARPA

principle were being made.

|ncompiluncownhnswoubndmndmﬂoovmtmmmbnw«ydmﬂom
personnel In nuclear power plants, the NRC asked scientists at the ALARA Center at Brookhaven
National Laboratory 1o monitor and assess research underway In the United States and abroad
that had potential to reduce occupational exposure.
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Figure 3-Collective dose equivalent per electricity unit for BWR plants of selected countries

To meke the information readily available, a computerized data base was developed of worldwide
information on dose-reduction research, and technological projects in health physics. The data
base Is continually updated, and summaries are provided to the NRC on a monthly basis and to
contributors to the data base either upon phone request or by periodic (approximately annual)
mailings. Presently there are about 220 research and 120 health physics technology projects in the
data base. Information on these projects has been presented in two recent reports (Ref 586). In
addition bibliographies of selected readings on occupational dose reduction and ALARA at nuclear
power plants are periodically published (Ref.7.8,9).

2.2 Objectives of the Project

The objectives of this project were:-

¢ To monitor the status of research and development on dose reduction and health
physics technoloqy related to nuclear power.

¢ To inform the NRC about the efficacy of these activities.



' To make such information available to utilities, researchers and organizations.

' To exchange information on dose reduction with appropriate organizations here
and abroad.

3. OCCUPATIONAL RADIATION EXPOSURE AT NUCLEAR POWER PLANTS

It may be appropriate to briefly review some fundamental questions before discussing what Is
being done and what needs to be done to reduce occupational radiation exposure. First, one
shoulc ciearly comprehend why the reduction of occupational radiation exposure is desirable.
Second, it is worth examining how the bulk of the occupational dose arises at nuclear power
plants. Third, to make a better evaluation for the future, the direction in which the current close
trend is pointing should be examined. Apart from shedding light cn why the effort to reduce dose is
necessary and may even be profitable for the utilities, such a discussion provides answers to
qQuestions that have 1o do with how successful such an effort Is likely to be. Is there a limit beyond
which further effort loses any real meaning? Are we pursuing the objective by the best possiole
approaches? These and other questions are examined in the following sections.

3.1 Why Is it Desirable to Reduce Occupational Radiation Exposure?

increased occupational exposure impacts nuclear power plants in several ways, some more
tangible than others. The first impact is on the health and weltare of the axposed personnel. The
second impact, although not immediately obvious, is on the safety, rellability efficiency and
economics of plant operation. The third is related to the public's perception of radiation and its
assoclated risks.

The risks to health involved with small radiation exposures over extended periods are difficult to
quantify. The current regulatory limits on individual occupational exposures are believed to be safe
compared to other "safe” industries (Ref.10), aithough these limits are likely to be reevaluated in the
light of new and more accurate data. Utilities have kept the average annual dose per worker
significantly below the NRC limits (Ref.3). It therefore seems that the present regulatory policies are
sufficient to protect the heaith of workers so long as the current individual dose levels are
maintained, although the low individual exposures have resulted in part from the large number of
persons employed at each plant.

However, there are other very significant penalties involved with working in areas with enhanced
radiation fields. The safety and reliable operation of nuclear power plants require extensive
inspections and preventive maintenance. Since a number of inspection and maintenance tasks
have to be performed in a radiation environment, work is more difficult and manpower-intensive
than it would be in the absence of radiation (Ref 11).

To carry out the required tasks and maintain low individual exposures, the plant has to hire
additional personnel. These personnel need advanced training in their special area of expertise and
also some knowledge and understanding about how to work in a radlation environment Moreover,
substantial resources are required to provide other radiation protection services for plant
personnel.



In addition, there are the inefficiencies and encumbrances of working in protective apparel, with
gloves that reduce tactility, with respirators, and sometimes, with communications equipment.
Dose limitations also reduce productivity because of the lack of continuity in tasks, as a result of
changing the work teams. An attempt to quantify such inefficiencies is made in Reference 11.

To summarize, the penalties imposed by a radiation environment include: (a) the cost of the
additional personnel required to keep individual exposures at an acceptable level, (b) the
diminished productivity of workers in the radiation environment, (c) the cost of radiation protection
services, (d) the cost of replacement power from the extension of reactor outages, and (e) the cost
of handling the radioactive waste generated.

Work is in progress to extend the rated life of nuclear power plants. Any extension will add to the
requirements for inspections and necessitate replacement of aging components in radiation areas.
This should give an added incentive to the development of techniques to reduce occupational
radiation exposure.

3.2 Main Contributors to Occupational Radiation Exposure at Nuclear Power
Plants

Several factors contributa to increases in occupational radiation exposure at nuclear power plants
(Ret 12). Among them are: (a) the activation and fission products that are deposited on out-of-core
surfaces to produce radiation fields, (b) the additional maintenance and inspections required to
service power plants as they age, and (c) the inspections, modifications and retrofits mandated or
recommended to enhance plant safety.

Although there are a number of factors that affect occupational radiation exposure at water reactor
power plants (Ref 12), there is evidence of a correlation between the intensity of radiation fields
and collective occupational exposure (Ref 13,14). For pressurized water reactors, the strongest
correlation Is seen between the exposure rates in the channel heads of steam generators and the
plant collective dose equivalent (Fig.4). The dose rates on the recirculation piping of boiling water
reactors also appear to be correlated with the plant collective dose (Ref.14).

The chief cause for enhanced radiation fields is radiation produced by activation and fissior:
producis that are deposited on out-of-core surfaces, such as pipes, valves and pumps. The fission
products, which result from falled fuel bundles, generally account for less than 10% of the out-of-
core activity. With improved methods of fuel fabrication, better materials and advanced techniques
to diagnose defective fuel, fission products are playing a diminishing role in the generation of out-
of-core radiation fields, although industry plans to extend fuel cycles and increase burnups may
reverse the downward trend.

The activation products result from the corrosion of materials in the primary system of the reactor.
They are activated in the reactor core and later deposit on out-of-core surfaces. The main cause of
the higher radiation fields is the nuclide cobalt-60. It has been estimated that the nuclide normally
contributes about 80% to the plant dose from radiation sources (Ref 15) Cobalt-60 is produced by
the neutron absorption of cobalt-59, the only isotope present in naturally occurring cobalt. Cobalt-
59 occurs both as an impurity in the materials of reactor primary systems and as the major



constituent In the hard facing alloys commonly used In components requiring outstanding
resistance to wear. In PWR plants cobalt-58, formed from neutron bombardment of nickel 58, can

also be a significant source.
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Figure 4 - Correlation of average steam generator channel head dose rates with plant collective
doses at PWR plants

As nuclear power plants age, they require additional maintenance and inspections. Coupled with
this are certain generic problems which increase occupational radiation exposure. For example, in
recent years cracking of the piping in boiling water reactors caused by intergranular stress
corrosion (IGSCC) has required a considerable amount of occupational dose for inspections and
maintenance. In pressurized water reactors principal causes of occupational exposure were the
problems associated with degradations in the tubing of steam generators which have required a
large amount of repair or replacement work.

Finally, there have been a number of recently mandated or recommended requirements for
backfits, inspections and modifications to enhance plant safety, which have had an adverse impact
on occupational radiation exposure. For example, requirements for seismic upgrading, fire
protection, and other mandated actions accounted for 40% of the occupational exposure at
nuclear power plants between 1979 and 1983 (Ref 4).

3.3 The Trend in Occupational Radiation Exposure

Occupational radiation exposures hit their peak in the United States in 1980, when the annual
collective nccupational dose per reactor stood at 791 person-rem par unit-year (Ref 3) Since then
there has been a continuing downward trend in occupational radiation exposure (Fig 5)

10
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Figure 5 - Annual collective exposure per unit at U S. light water reactors

Part of the downward trend is due to completion of many of the NRC-mandated safety actions,
such as fire protection, seismic upgrading, etc. Also, a number of new plants have gone Into
service and these have had lower initial doses. Another rcason is that the capacity factors
reflected by the equivalent availabiity (Fig.6), have tended to rise in the United States as the plants
have matured and experience has been guined 'n operating them. Higher capacity factors
generally have a positive effect on occupational radiation exposure because there (s less
maintenance required while a plant is op«rating and also access to radiation areas is more difficult
dunng operation
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Figure 6 - Equivalent availability of U §. commercial light water reactors as a percentage of their
rated capachy
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Morecer, research on dose reduction and health physics technology programs are finally having
noticeable impact. Lessons learned from a number of dose-reduction projects are beginning to be
applied, so that the downward trend in occupational radiation exposure probably should continue
in the near future

Despite the welcome decrease in occupational radiation exposure in the Uniied States, wher:
compared with other countries, the U.S. doses are still on the high side. However, even in
countries such a~ France, with large numbers of new plants, the trend towards reduction In
exposure appears to be fiattening out (Fig.2). This may indicate that they have reached an ALARA
plateau below which it Is not cost effective to reduce exposure with the current nuclear reactor
design and technology

Further analysis has shown that the downward trend in ox cupational radiation exposure is not
entirely unambiguous. For example, Westinghouse Electric Corporation has investigated collective
dose equivalents at Westinghouse designed reactors for the NRC (Ref 16). Figure 7 displays the
collective dose equivalents per reactor, as well as radiation levels, as a function of the number of
years since the reactors have been in service. It is interesting to note that the radiation levels reach
a broad peak for reactors in their 8th year of operation, after which they stan to decrease. However
the collective dose equivalents per reactor continue to rise. The higher doses for the older
reactore, despite the decrease in the radiation levels .ppear 1o be due to additional maintenance
and inspections required as the reactors age. The reasons for the decreass in radlation levels for
the olcer reactors are being investigated

man-rem
per plamt

Kl

years since startup

Occupational radlation exposure summary for all .ﬂ...-.rmqm”\.. power plants




4. CURRENT TRENDS IN DOSE-RECUCTION RESEARCH
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sh between the areas of research being carried out, and to identify their principal
method of approach, we divided them into several broad ¢ ategories. Sections 4.1 and 4.2 describe

those approaches that reduce dose by reducing the radiation sources: Sections 4.3 and 4.4

consider research that decreases dose by decreasing the exposure time

4.1 Research to Prevent Formation and Transport of Activated Corrosion
Products

The principal techniques us 10 control contamination in the primary systems of nuclear plants
are: (a) minimizing cobait sources by reducing cobalt impurities in structural materials and by

ng hardfacing cobalt alloys, (b) preconditioning out-of-core surfaces to reduce production
and release of rrosion products from these surfaces and to mitigate plating of activation and
fission products onto them, and (c) using advanced water chemistry to control production
transport, deposition @ core, later and resuspension in the primary coolant of activated crud

which can then t epost Aside the core
«.1.1 Cobalt Reduction

terials of water read
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Table 4.2. Typical Cobalt input In A Three Loop Westinghouse Plant

Major Component Material Cobalt Input
g y“df

Steam generator Inconel 600
Fuel grid spacers Inconel 718
Fuel assemblies 304 SS

RV internals and

Piping 304

Hard facing alloys Ste

Source: Reference 18

Table 4.3. BWR Cobalt Sources

Annual Release
Rate per Plant
(9/y")




Table 4.4, Priority for the Replacement of Radicactive Cobalt Precursors for Operating
Plants and those Under Construction

~

Component Replacement Action $/person rem’

Replace complete latch

assembdly

Main coolant Replace complete rotating
pump assembly and bearing
carridge

Replace complete valve

and all valves In system 8100

Replace complete valve and

all valves In system

Replace complete valve and

all vaives in ¢




he replacement of the pins and rollers in the control blades of BWRs with low cobalt materials is
attractive, since these are already replaced at regular intervals and the lessened radioactivity would
also reduce their disposal costs. BWR contro! blades of new design have been tested in a
commercial power plant (Ref.23). The pins and rollers for these blades were made from the low
cobalt material Nitronic-60/CFA. As a result of work carried out by the Electric Power Research
Institute and the General Electric Company all hlades now being sold by GE are cobalt-free
Improved post-maintenance procedures are being developed which remove cobalt debiis after the
lapping and grinding of hardfaced valve seats (Ref.24). Replacement of cobalt-based hardfac ng
alloys Is more difficult, since this requires the development of cobalt free substitutes. Work Is in
progress to find materials which would not sacrifice the high performance of cobalt-base alloys

One significant success in this regard was the trial replacement of the Stellite hardfaced feedwater
reguiator valves at an operating BWR with valves based on Type 440C stainless steel. The
performance of Type 440C stainless steel, which does not contain cobalt and nickel was found to
be outstanding for this application. After one year of service the valve wear was found to be 100
times less than that of the stellite hardfacing (Ref.17). In addition to eliminating a large source of
cobalt, the use of stainless steel reduced the amount of valve maintenance required. Regulator
vaives have dDeen replaced In several plants with valves contain ng non-stellite material as a result
: { these trials
When cobait-based valves require replacement, an alternate method to circumvent their use would
be to adopt the approach used in Canada. The newer Canadian power plants raresy make use of
ill-based, hard-faced alloys. Such alloys are only used In applications where their resistance to
wear is essential. Fcr the rest, valves with nickel-based a oys are utilized (Ref.25)
- 4.1.2 Preconditioning of Out-of-Core Surfaces
1 3 hre tives of pr | nQ. (a) to reduce the a it of I N, (b) to mitigate
DF O 18 10 the ant, and (¢) to reduce tt J ptibiity of surfaces for
. vated product
Wy Wh W reacior primary mponents are ex| ed 1 water they rapidly corrod rMOowevs
Y ! A xide hin formed w! educes ros derably. For this reas the
pf t ] § 3 Carrie t d ] ! f ! al tests, betore the reactor start D
f 1 & { Imt 1a jer plants where ma ( ents N as stea
) ) ) replaced
Ind 10 rex ) rate at wt 4 products deposit on the surfaces. Work Is in progre
\ { gation rats ] pr Jtioning 1o save critical-path time. Research b ]
irried out | N the dey tion rates of the . ) products is directed in two main areas
1) | l rnaces 10 reduce the tender y for oxide formation. and (b) to electr | nine
fa {0 prod ) 4 smoot! rost ture, on which the deposition of corrosion products
yreatly reduced
nitially t was feared that electrot ning would render materials more susceptible to cracking
from intergranular stress corr n. Recemt work has shown that for both BWR and PWR
ponents and chemistry this did not cur (Ref 14)
1




4.1.3 Advances in Water Chemistry

Control of water chemistry is one of the most cost-effective ways to reduce out-of-core radiation
fields in PWRs and BWRs. In PWRs, prior to 1977, work was confined to optimizing the water

qualty during start-up and shutdown. During refueling shutdowns, air was introduced in the
primary system, which increased the radioactivity in the coolant due to pH changes which led to
dissolving of cobalt and nickel. The resulting high radiation fields caused delays in refueling
activity. However, the release of the cobalt and niclkel could be caused earlier by introducing
nydrogen peroxide into the system, thus ¢« ntrolling the crud Hurst and allow ng clean-up by the
Pt cation system

Since 1977, use has been made of steady-state chemistry to minimize the formation of crud on the
fuel and its transport to out-of-core surfaces. The technique involves controlling the formation of
by operating at a constamt pH of 6.9 and cont nuing to maintain an over pressure of

n. Tests at operating nuclear power plants confirmed that such a regime reduced the
{ crud and significantly retarded the build-up of out-uf-core radiation fields (Ref 26\ More
1 has indicated that even higher pH levels, aiound 7.4, wou'd further reduce out

ds (Ref.27) Coordinated tests are in nrogress in the United States, F.R

to arrrve at optimum pH valuers end to prove the reliability of reactor primary

um concentrations that are rocquired for this PWR chemistry regime (Ref 6)

snown that the presence of 510 15 ppb of zinc In reactor water inhibits the
€8S sleel and thus reduces the bu'd-up of cobalt6d on
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4.2 Research to Remove Contamination

4.2.1 Decontamination
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Future objectives are to decontaminate the entire reactor primary system with or without the fuel in
place. At present the latter appears 10 be the more cost-effective approach for PWRs. Full system
decontamination with the fuel in place has the advantage of saving critical-path time, because
decontamination can take place before the reactor vessel is opened, while the reactor is cooling
down. It also reduces recomtamination because the crud on the fuel is also removed

However, it iIs necessary to establish that there is no adverse effect on the fuel and structural
materials inside the reactor core from decontaminating the primary system with the fuel in place
Demonstrations are under way with the principal dilute decontamination processes to test this
Samples of fuel and materials from the Quad Cities Nuclear Power Plant, decontaminated using
the LOMI and CAN-DECON processes are being destructively examined in hot cells (Ref 23). The
longer term objective is to re-irradiate the decontaminated fuel in the core and reexamine it

Non-chemical processes such as electropolishing, using rotating hones, steel brushes, and high
pressure water and grit jetting also are proving to be effective decontamination techniques in
appropriate circumstances. For example, activity deposiied was reduced by a factor of ove: 400 in
F.R. Germany by means of a special electropolishing process (Ref.29)

One area which needs continuing attention with chemical decontamination Is in reducing the
volume of radwaste generated and in diminishing the costs of disposal of the waste produced. This
need Is likely 10 Increase as land-burial sites become less readily availlable and new regulatory
requirements necessitate a reevaluation of the packaging. transportation and disposal procedures
P ent research in this area is on reagent development 10 minimize resin requirements. Resin

N or iIncineration may S~ ame economically attractive in the future

4.2.2 Ultrafiltration

4.3 Research to Improve Reliability of Components

4.3.1 Improved Materials and Components
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4 3.2.2 Remedies 10 Reduce Stress

It was found that the residual tensile stress in welded piping can be made compres y cooling
the inside of the pipe with water during welding. Such cooling is also efficacious wt the pipe Is
unvergoing other outsic'e surface treatments, such as induction heating. The remedies used to
relieve the tensiie stress of materials are based on this technique. They include heat-sink welding
last pass heat sink welding, and ind

J

Jction neating stress improvement (IMS1) (Ref . 6)

IHS! was irr

plemented in Jzpan in
{
)

operating plants and those under construction. It is offered by
rs In the United States at a cost of around $2 million for 100 welds. It proved to be
very effective on uncracked pipe but provided only "\lw\)'?'. benelit |

(5] r MW
sE@veral ve

N cracked pipe

4.3.2.3 Remedies for Improving the Environment
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4.4 Research on Remote Systems

Robotics and remote systems are beginning to play an increasingly important role in the nuclear
ndustry (Ref.37.38.39). Their use is especia ly important in hazardous situations or after accidents

when high radiation fields are present. These devices were extensively used during the cleanup

Y

after the Chernobyl-4 accident, and they have played an important role in the decontamination of
the TMI-2 power plant. They are now also used In more routine tasks to reduce personnel
exposure, for example, in the decommissioning of the West Valley reprocessing plant (U.S) and in
the maintenance of steam generators (Ref.6)

me missions successfully conducted by robots include: decontaminativn and removal of

ntaminated surfaces, cutting and dismantling of structures and components, vacuuming, visual
tion, surveys of radiation levels, transporting radiocactive material, packing radioactive waste

\al, manipulating valves, and using hand tools (Ret 40)

With the particip n of the utilities, a Robot Users Group was formed in the United States in 198¢

(Reft 41) ¢ mprised of er Jineers and scientists

its from the utilities, robot manufacturers, national
wernment « Janil 3, academe, and service and consulting companies The
and robot manufacturers ectives are 10 Kdentity

pment of new equipment, and to assess the cost-benelit
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4.5 Research on Advanced Reacwor Designs

nal program is underway in the U.S to accelerate tivg evolution of nuclear technology by

ars of experience into the design of an advanced, simplified light water reactor

program goal is to emerge within five yeare with the bas« design of a standardized
s safer lower In cost. and ,;qvvh(d'\l’, lower In occupational exposyr This program is
red by the Electric Power Research Institute

es and Japan are also cooperating on the designs of adva , PWR- and BWR

wer plants (Ref 2. 48) The ... vanced bx Hing water reactors and p essurized water

resulted from the 'ong-term fruitful collaboration of the Japanese and U S. nuclear

see first operation by the middie of the next Jecade in Japan. Very large dose

e realized from these power plants which are baused on two decades of

ear power plant design. Collective doses an order of magnitude lower than

semt day ) ) doses are expected (Ref 2 49). At the same time, safety will be enhanced and

1s redu

aborating on the design of an advanced "WR (Ref 49). One
i$ reduction of occupational exposure to 100 person
average ol 368 person-rem from existing PWRs in the U S
nber of proven techniques. For example, more space will be
lasks on the containment operating deck The plant wul
@ss to all major equipment. A longer 24-month

jcle of between 12 and 18 months. PWRs at
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enhance plant operation and allow for full power operation with .
Moreover, the interal pumps are of a wet motor design with no shaft seais. This provide«
increased reliabilty and reduced maintenance requirements and hence reduced occupational
radiation exposure. Internal pumps have previously been used in Sv “ish and
plants and have proven very effective in reducing occupational radiation exposure.

Anticipated in-service inspection needs have also been reduced by the elimination of recirculating
pipe nozzles and the reduced amount of vessel welding during vessel ‘abrication. The reactor
vessel was designed to permit maximum inspection of welds with automatic equipment. This wil
not only reduce exposure but also miniinize manpower requirements.

The fine-motion control rod drives were especially designed for reduced maintenance needs and
reduced radiation exposure. These drives utilize electric fine rod motion auring nornal operation
and hydraulic piessure for scram insertion. Improvements and refinements in the design of the

ball-screw assembly, the seal, and the drive supports improve maintainabilty and reduce
maintenance requirernents.

The use of minimum shuffie fuel loading schemes will reduce refueling times, while fuel burnup will

be incieased to higher values allowing for longer continuous operating cycles, lower fuel costs,
and reduced occupational radiation exposure.

The radwaste handling facility designs have also been substantially improved. The use of pumped
up heater drains, holiow fibre filters, ark! deep bed demineralizers without resin reqceneration for
condensate treatment will reduce liquid effluents. in the radwaste handiing system, settling tanks
will be replaced by hollow fibre fiters and evaporation of the resin reganeration waste will be
discontinued. Solid wastes will be handled by plastification or compaction. Spent resin and
burnable wastes will be incinerated. With these improvements, the total radwaste volume of the
plant is expected to be about 100 drums per year.

5. INTERNATIONAL RESEARCH ON DOSE REDUCTION

Considerable research on dose reduction and several very innovative programs of health physic~
technology are being carried out in a number of countries. This has contributed to very good
performance in tarms of collective dose reduction (Fig 2,3) and also resulted in enhanced capacity
factors at power plants in those countries. As in the U.S., important research programs are
ongoing abroad. The vork in other countries is being closely crordinated with U.S. research, for
example through EPRI agreements covering information exchange, joint projects, and
presentations at technulogy transfer seminars. In this section promising research projects wi' be
touched upon and panicularty successful health physics programs which contribute some
innovative features will be outlined.

5.1 Canada

Canada developed its own C.\NDU (CANadian Deuterium Uranium) reactcrs, and has a large
development program which includes remote pressure tube replacement, water chemisiry, and
decontamination (Ret § 6 50). Many of these techniques may be adapted to U S reactors.

One interesting area of research, funded by EPRI, concerns pre-operational chemical cleaning of
PWRs. In the usual hot-conditioning of pressurized water reactors a double-layered oxide fim is
formed. 'he first layer provides protection against corrosion but the second layer traps activity. In



a project at the Chalk River Laboratories, film comprised only of the inner desirable layer was
grown on stainless steels and Inconel. When the film was exposed to corrosion products, growth
of the outer layer was inhibited (Ref.6,51).

In the area of robotics, the fueling machines of the CANDU reactors have earned an excellent
reputation. They are designed to disp "se fresh fuel bunoles and remotely accept \rradiated fuel
wiile the reactors are operating at full Lower. This on-line refueling capability is largely responsible
for the relatively high capacity factors of most CANDU type reactors.

More recently a program was undertaken to remotely replace the pressure tubes of certain
CANDU reactors. The remote manipulation and control system for this task Is being designed by
SPAR Aerospace, a company which was also responsible for the space arm of the NASA space
shuttle program. The objective of tha Canadian project is to design a ystem which will carry out
the tasks with high hazards during the retubing operations (Ref.5). This indicates the level
sophistication of the Canadian inclustry in developing remote systems.

Anotiier area where the Canadian program is of relevance is how radiat'on protection and
contamination control are practiced during operations and maintenance. For examgpie, all plant
operations personnel are given a faily advanced course in radiation control at Canadian power
plants. Then they are made responsible for their own radiation protection and may designat
contaminated areas, carr ' out radiation monitoring, fill out radiological work plans, etc. This saves
both manpower and dose Other details of Canadian practices are described in References 50 and
52

Qe

5.2 Federal Republic of Germany

There are several lessons to be learned from the experience in F.R. Gemany. The chief ones are
concerned with selection of proper materials. For example, the West German BWRs are the only
ones immune from thy problem of intergranular stress corrosion cracking (IGSCC) described
above The reason is primarily because they make use of type 347 niot 'um-stablized austenitic
stainless steel (Ref 6 48).

"or PWRs, the Germans used Incoloy 800 in their steam generators (Ref 6). This material is highly
resistant o cracking and can be specified to have very low cobalt content, both characteristics
Heing highly d” sirable from the viewpoint of exposure reduction. Presently the West Germans are
offering to replace steam generator tubes with Incoloy 800 tubes as a service to other countries

(Ret6) In performing this maintenance, they make use of fully automatic welding devices to
reduce dose.

in a careful study they determined that one of the principal ways 10 reduce radiation fields at PWR
plants is to use zircaloy instead of inconel fuel assembly spacers. The incone! spacers that have
been in use have significant cobalt content, although the spacers being si'oplied at present are low
in coba't (Ref 53).

5.3 United Kingdom

The United Kingdom has a significant nuclear power program. However, their power 1¢actors are
mainly gas-cooled types that cause very low occupational doses. Their first PWR will be a
Westinghouse reactor with advanced features such as better plant lav - * and low-cobalt materials.
They have a significant research program on water reactors, some - ing sponsored by EPRI.




4
J

ent

W Ders

\mitmae
nitment

ang v




d'tude sur I'valuation de la protection Jans le domaine nuclaire) dosimetric results from a number
of countries are compared to determine the factors leading to high doses. Work planning, effective
use of shie'ding.and other ways to reduce time in the radiation area or to reduce dose rates are
examined in these pro;ects.

5.6 Japan

Japan has one of the ~orid's largest nuciear power programs. The first light water reactors built in
Japan were imported and entered service in 1970. Since then, systematic and persistent efforts
have resulted in the mastery of many of the afflictions of LWRs. In addition, the Japanese have
made a concerted effort to introduce automation and robotics technology in their nuclear power
program (Ret.60,61).

A focus for the Japanese efforts to improve LWR technology was provided by the LWR
wnprovement and standardization program, initiated by the Japanese Ministry of International
Trade and Industry (MITI), with the co-operation of the electric power companies and the reactor
suppliers. The program has already had considerable success in improving the design of both
BWR- and PWR-type plants. The BWR achievements include measures to overcome IGSCC, such
as improvements in materials, welding technology.anc' operating procedures. It also includes
measures to reduce ridiation exnosure, e g use of low-cobalt materials, techniques to reduce the
amount of crud generated by use of better chemistry, and extreme'y leak-tight plants. The PWR
improverments include enhancements in the reliability of steam generators, better spacers to
prevent fuel rod bowing, autumated eddy current testing, and automated inspection and repair of
steam generator tubes.

Extensive use of automation in Japanese nuclear power plants is illustrated by the remote
maintenance and inspection devices employed by the Tokyo Electric Power Company. These
include: (a) automatic refueling platforms for refueling and shuffling, (b) automatic control rod drive
handling machines, (c) semi-automatic tensioners for the head stud-boits of reactor pressure
vessels, (d) reactor cavity clean-up machines, (e) automatic ultrasonic inspection equipment for
re. O pressure vessel shells, semi-automatic ultrasonic inspection equipment for piping, (f) main
steam Isolation valve automatic seat-apping and handling equipment, and (g) semi-automatic
overhauling and inspection equipment for control rod drives.

5.7 Finland

Aithough Finland is a small country, the program of radiation protection at the four power reactors
in Finland is among the most efficient and it may be worth exploring some of the reasons for the
success of their exposure control program. The Finns have limited the average annual collective
dose at their power plants to less than 100 person-rem per reactor unit (Ref 6).

One factor which keeps occupatio.al radiation exposure so low in Finland is related to the desig-
features of their plants (Ref 62). The design of the plants is such that virtually no radiation coses
are caused during normal operation. Radicactive systems are clearly separated from non-
radioactive ones in different areas which are usually confined The radioactive classification of each
such area is displayed by a colored sign on the door. The rooms with higher dose rates are kept
locked. A written permit is required for entry n rooms with dose rates above 100 mrem /h. This has
typically kept personnel collective dose at 200 to 300 person-mrem per month during normal
operations



The finish of surfaces in their power plants are of high quality. All surfaces are painted with a hard
surface epoxy paint so that no rough concrete can be seen. makes the deconiamination of
the rooms quick and easy. Contamination levels exceeding 10™ @Ci/cm2 are not allowed even on
protective overalls,

A significant cause of occupational radiation exposure at most PWR-type plants is work related to
steam generator repair. In Finland eacih of the two PWRs has six steam generators of a different
design than that adopted in most western countries. The steam generators are horizontally laid
out, with horizontal tube bundles snd hot and cold chambers formed as vertical cylinders in the
middie of the steam generators. The primary coolant inlets and outlets are at the bottom and the
manhoies are on top. Each steam generator has 5536 tubes. During 18 years of operation with 12
steam generators only one leaking tube has required plugging. This tube leakage was caused by
improperty rolling the tube into the tube sheet during the manutacturing process.

For radiation protection, real-time dosimeters with alarm are used in addition to thermoluminescent
dosimeters. This makes it possible to control individual doses or collective doses for work teams
on a daily basis. Apart from being an excellent measure to avoid overexposure, this procedure also

aids in alenting plant management if ¢ ses for so.ne jobs are Increasing too rapidly so that they
can take countermeasures in good tin: -

6. HEALTH PHY _ICS TECHNOLOGY PROJECTS

There are a number of highly successful health physics technology programs in the United States
and abroad (Ref § 6). Utilities are developing dose-saving techniques and finding ways to carry out
maintenance tasks rapidly and efficiently. In some projects 3-dimensional photography and
videotapes are used as aids in teaching and in work precaration. The electronic (computer read)
dosimetry and ubiquitous personal computers have made job specific dose tracking and
maintenance of dose-records much easier. Correlations between plant dose and other plant
operating parameters may be made and they are also being used for dose and work trackirg

(Ref 6). In addition, they open the possibility of utilizing such risk analysis programs as PC-TREE in
the ALARA effort.

Projects on better shielding, advanced work planning, decontamination, robotics applications,
training, improvements in procedure, and innovative ALARA incentives are described in references
5 and 6 The Scandinavians, for example, expect to reduce the duration of the scheduled outage
period for their BWRs to 12 days by meticulous work planning (Ref 6). Such a reduction should
have a very positive effect on occupational exposure There is a joint project underway in Finland
and Sweden to apply optimization of radiation protection at nuclear power plants. The impact of
such factors as materials conlrol, safety apparel, retrofits and other aspects of optimization have
been investigated during this project (Ref 6). Two French projects which utilize *soft approaches’
to reduce occupational exposure are described in section 5.5,

7. FUTURE DIRECTIONS

Some of the most significant or cost-effective approaches will be examined in this section and
appropriate extrapolations made from them The scope of the repon will only permit the inclusion
of broad areas whic" appear to be especially important

For ease of discussion, the future directions have been divided into three the short-term projects
have essentially been proven and tested and are about to be applied; the ‘intermediate-term*
projects are those which are stil in the conceptual or research phases The section on long-term




directions looks at prospects for developments which are expected to produce results beyond the
next decade.

In the shon term, several projects are beginning to mature and will play an increasingly important
role in saving occupational exposure. The dilute decontamination techniques now are sufficiently
developed so that they are begi.ning 1o be used almost routinely in reducing radiation exposures
at PWRs and, more especially, BWRs. Research is in progress to decontaminate the entire reactor
primary system and it appears likely that processes will be qualified in the U.S. within two years,
For BWRs the approach may be to do so with the fuel in place. For PWRs initially t may be done
with the fuel removed. At least two countries have already been successful in decontaminating
plants other than conventional LWRs with the fuel in place.

The techniques of shot-peening and roto-peenir.g are essentially developed, as Is their remote
application They are being applied to the steam generators of operating nuclear power plants and,
more particularly, to plants about to go into operation where they are expected to be particularty
effective and cost almost nothing in dose expend.ure. These techniques are likely to avoid a
considerable amount of radiation dose in steam generator repair and replacement.

Improvements in plant water chemistry have potential for large dose reductions and should prove
particularty cost-effective. The EPRI/industry PWR water chemistry guidelines are now in force and
are expected to have a moderate impact on occupational exposures at the newer PWRs and a
lesser and more gracual impact on the older ones. For BWRs the use of zinc injection Is likely to
produce a significant reCuction in radiation fields.

The many-sided attack on the problem of IGSCC at existing BWRs has also been successhul.
However, solutions such ns corrosion resistant cladding and induction heating stress im provement
(IHSI) modity only the welds to which these techni~ues are applied, leaving the rest of the piping
system still susceptible to intergranular attack. Moreover, their use not only causes considerable
occupational dose but is also fairly costly. The operational testing of hydrogen water chemistry will
hopefully produce a remedy that wili attack the problem as a whole and is also likely to be very
cost-effective. The slight increase in occupational exposure ¢ 1o the enhanced radiation fielcs
from the use of hydrogen water chemistry is likely to be insignuicant compared to the very large
gains resulting from an increase in plant reliability and diminished needs for maintenance and
replacement of the cracked piping.

Management personnel at operating nuclear power plants are well awara of the importance of
cobalt in the radiation dose experience at their plants Investigations are underway at a number of
utilities to explore ways to replace cobalt components with ones which are essentially free of
cobalt, for example, the control blades and certain high-cobalt valves in BWRs. It is also likely that
the positive experience from the use of 2ircaloy fuel assembly spac s at certain PWRs will lead to
these being sper..wed at other PWRs in the future (Ref 63).

All these efforts will have a favorable impact on occupational dose control in the near term.
Radiation exposures are expected to diminish significantly in some cases, though more often the
radiation exposur es will be contained or will decrease gradually. Thus, at power plants where these
measures are introduced, there are iikely .0 be no additional significant increases in collective
occupational exposures. To reduce dose significantly at the older operating power plants is much
more difficult than at the newer plants which have clean primary systems and where design
changes can be put in place when they are most effective. Whether a power plant will be a high
dose rate or low dose rate plant is essentially determined within the first few cycles (Ref 64).



In the intermediate term, improved construction materials for nuclear power plants should play a
very impontant role in reducing occupational exposure and also in making the plants more rellable.
Piping made from such materials as nuclecr grade 304 and nuclear grade 316 stainiess steels is
not susceptible to IGSCC. Advanced steam generator tubing mate:lals, like thermally treated
“sconel600 and alloys 800 and 690 are not only strongly corrosion resistant but can also be
specified to contain very low quantities of cobait. Cobalt-free substitutes for the hardfacing alloys in
valves and other components and the newe. zircaloy fuel assembly grid spacers for PWRs should
eventually produce an appreciable reduction, i occupational radiation exposure. Thus, for newer
power plants, and also for those older plants where the primary piping, steam generators or other
components are likely 10 be replaced, the new materials should result in better performing reactor
primary systams.

In general considerable exposure reduction can result from the use of remote tooling although
some of the devices have yet to be proven effective and in some cases their cost-effectiveness is
dependent on plant related circumstances (Ref 1). Multistud tensioner devices for reactor pressure
vessels are becoming more widely used, as are devices to remotely remove the manway covers of
steam generators. Irtegrated reactor pressure vessel head assemblies are now offered for some
new plants. A considerable amount of steam generztor work is possible using remote tooling, and
remote tooling design is improving at a brisk pace. For certain types of decontamination

operations, remote or automated machinery is beginning to save person-rem and, in some cases,
important critical-path time (Ref 42).

Robotics are being considerad for some applications: their use should become more routine in the
next decade as rugged. easily maintained, and cheaper robotics systems become available. Even

in routine survellance their use is approaching cost-efectiveness, and they are already saving
several times their cost in particular high-hazard situations.

Significant strides have been made in the design of plant lavout and also in shielding. The newer
plants are more (ikely to be oriented to human factors and (v enabling maintenance to be carried
out much more easily in considerably less time. Moreover, d¢ ~'gners now appreciate that a simple
system, with few but high quality and rellable components, .. @8 much less maintenance and so
rapidly pays for itselt (Ref 65). Simpler reactor systems are .~w offered by the major vendors.

In the long term, one must look to the designs of advanced light water reactors (LWRs), the high
temperature gas-cooled reactor (HTGR), or perhaps the liquid metal reactor (LMR) for a significant
reduction in occupatioal esposure. A discussion of tha Jesign developments in the area o' dose

reduction for the advanced PWRs and BWRs is giver ir section 45 The non-LWR type reactors
are outside the scope of this report.

8. CONCLUSIONS

Despite the vicissitudes that the nuclear industry is going through in the U.S. and abroad, its
research and development profile remains in a healthy state. The doldrums that supposedly afflict
the nuclear industry are not perceptible ir ™ & D as may be observed by examining the vigorous
research program in the area of dose-reducticn that already is producing significant results.

The achievements of nuclear power in dose-reduction research are many, and are beginning to be
feit in such areas as the developmeni of improved materials, in water chemistry, in
decontamination, and in remote tooling. The chronic problems of intergranular stress corrosion
cracking i boiling water reactors and steam generator tube cracking in pressurized water reactors

3N



largely have been soived. The foundation of a nuclear robotics industry Is being laid. Sigr.ficant
strides are also being made in the area of health physics technology.

The bulk of this work is being carried out by the nuclear industry itself: by the willities, nuclear
steam system suppliers, and smaller support companies. Often the research e*ort is sponsored by
such industrial umbrella organizations as the Electric Power Research Institute (EPRI), the Empire
State Electric Energy Research Corporation (ESEERCO), and the Nuclear Management and
Resources Council (NUMARC). In other countries, the research is sometimes carried out under the
aegis of government agencies such as the Ministry of International Trade and Industry (MITI) in
Japan.

Since the events at Chernoby!, the international nuclear community has become particulary
conscious of the importance of radiation protection. At the meeting organized by the International
Atomic Energy Agency (IAEA) to review the events at Chernobyl, one of the principal
recommendations was to strengthen radiation protection at nuclear power plants (Ref.66). The
Nuclear Energy Agency (NEA) of the Organization for Economic Co-operation and Development
(OECD) is also pursuing this objective. Scientists at the BNL ALARA Center will collaborate with
these and other appropriate organizations in radiation protection and ALARA at nuclear power
plants, so that information can be exchanged and research efforts shared. The systematic
accumulation of information on radiation protection from other countries cannot but help benefit
the nuclear industry's Jose-reduction eforts.

It may ultimately be possible to achieve such low individual and collective doses that they become
an insignificant factor in the workers' health and welfare. The goal in the Scandinavian countries,
for example, Is to restrict aimost all radiation sources to the reactor core where they belong, with
the very small remaining proportion confined to the rest of the reactor primary system. They
tolerate very little contamination and only low dose rates outside the reactor primary systern. Their
plants are clean and free of contamination so that workers can carry out most of their operational
tasks in normal attire. This kind of environment in U.S. plants will help to reduce the public's
perception of “the radiation hazard issue’ as an argument against nuclear power by making work in
power plants aimost conventional. In addition, and just as important, it will make the plants much
more efficient and economical to operate.

Already the targets for low collective dose for the advanced nucicar plants now being designed are
approaching the objective outiined above Some power plants in the U.S and abroad are showing,
by their efficient low-dose operation, that it is a realistic goal. Big improvements have been seen in
some old plants However, only with major efforts at dose-reduction can some of the older power
plants, with their high-dose characteristics, be gradually improved. Thus, the full realization of this
goal may only be possible sometirne in the next century.

9. RECOMMENDATIONS

In order to continue to rapidly reduce occupatioral radiation exposure a continuing coordinated
effort is required between the NRC the licensees, industry umbrella organizations sucn as EPRI

and INPO, the reactor steam supply system vendors ,other engineering companies concerned,
and the ALARA Center.

Recommendations for continued improvement are:

Cobait Removal In general, higher priority should be given to removing cobalt from the in-core
materials. This would reduce radiation dose considerably and at much lower cost, since most of
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Management and Planning:; In order to assure a well established and smoothly functior.ng
ALARA program, the managements of the utilities and the power plants need to emphasize their
ir*~rest in and commitment to ALARA. This may be done, for example, by developing strong and
forceful ALARA organizations at power plants, by requiring plant-wide ALARA “plans’, by creating
various incentivi ., and by requiring periodic reporting on ALARA performance to the highest
of management.

The plant-wide ALARA plans should include comprehensive evaluations of potentials for
reduction and long-term benefits and be based on cost-effectiveness and optimization
considerations. They should outline what needs to be done, set priorities, and establish target
dates and budgets. Such plans should be reviewed and updated periodically (e.g. annually).
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